Abstract In recent years, hybridization has gained recognition as an important creative force in primate evolution. The exchange of genetic material between species provides genetic novelty on which evolutionary forces, such as natural selection, may act. The guenon radiation (Tribe Cercopithecini) is known for numerous cases of contemporary hybridization-in the wild and captivity-between broadly sympatric species. Interspecific hybrids are viable, and field studies report fertile hybrid females. Despite being a well-documented phenomenon, hybridization among wild guenons is relatively rare and sporadic. An exception is the long-standing hybridization between Cercopithecus mitis doggetti and C. ascanius schmidti in Gombe National Park, Tanzania, where hybrids comprise a significant proportion of the breeding population. Here, I used mitochondrial loci to conduct a genetic survey of the Gombe population and examine the extent and direction of gene flow between the parental species. I extracted DNA from noninvasive fecal samples of unhabituated individuals (N = 144 individuals) with known phenotype and provenance. All parental phenotypes and hybrid individuals were identified in the field based on species specific pelage colors and patterns. Phylogenetic analyses of DNA sequences from inside and outside the hybrid zone show Gombe's population of C. mitis doggetti is distinct from neighboring conspecific populations in having mitochondrial DNA of C. ascanius schmidti. All animals surveyed from the hybrid zone have one of two haplotypes of C. ascanius schmidti unique to Gombe. These results provide evidence of asymmetric introgressive hybridization between sympatric guenon species, a likely Int J Primatol (2019) 40:28-52 https://doi
Introduction
Natural hybridization (the interbreeding between members of distinct species) has gained significant recognition as a creative force in primate evolution (Arnold and Meyer 2006; Jolly 2001; Tung and Barreiro 2017; Zinner et al. 2011) . Hybrid offspring that are viable and fertile provide rare experiments in nature, allowing the genomes of two species to interact (Mallet 2005) . The exchange of genetic material between species provides genetic novelty on which evolutionary forces, such as natural selection, may act (Mallet et al. 2015) . Lineages with recent and diverse radiations offer excellent model systems to investigate speciation processes and the mechanisms that generate and maintain biological diversity (Berlocher and Howard 1998) .
Among primate radiations, hybridization likely played an important role in the speciation and diversification of the tribe Cercopithecini, commonly known as guenons (Guschanski et al. 2013; Lo Bianco et al. 2017) . Guenons are endemic to Sub-Saharan Africa, and represent the continent's most speciose and colorful radiation of nonhuman primates (Allen et al. 2014; Groves 2001) . Recent classifications of guenons recognize 6 genera and 33-36 species, of which the genus Cercopithecus is the most diverse (Butynski et al. 2013; Mittermeier et al. 2013) . Molecular date estimates suggest that the radiation of Cercopithecus began in the Early Pliocene or Late Miocene (ca. 4.3-7.4 million years ago), and has the youngest lineages within the clade (Guschanski et al. 2013; Hart et al. 2012) . In addition to high species diversity, the radiation is also well known for its unusually high level of karyotypic diversity, with diploid chromosome numbers ranging from 48 to 72 (Dutrillaux et al. 1988; Lo Bianco et al. 2017; Moulin et al. 2008) .
The high speciation observed within Cercopithecus has been accompanied by ecological and behavioral diversification with the establishment of sympatry. Congenerics belonging to different species groups often have broadly overlapping ranges, and most rainforest blocks within the Congo Basin have three, and commonly up to five, species. Sympatric Cercopithecus monkeys have distinct facial patterns (Allen et al. 2014; Kingdon 1980) and vocalizations ; use all levels of the canopy, including the forest floor (Hart et al. 2012; McGraw 2002) ; and exploit a diversity of plant and invertebrate food resources (Chapman et al. 2002; Gautier-Hion 1988) .
Recent studies that have combined phylogenetic and species distribution data support allopatric speciation as the most frequent mode of evolution in the group (Guschanski et al. 2013; Kamilar et al. 2009; Tosi 2008) . Cercopithecus monkeys live predominantly in closed forest habitats, and thus their evolutionary history is linked to the biogeography and ecology of Africa's rainforests (Colyn et al. 1991; Hamilton 1988; Kingdon 1989) . The repeated cycles of expansion and contraction of lowland and montane rainforest during Plio-Pleistocene climatic changes created dynamic heterogeneous landscapes throughout Africa's forest regions, isolating and reconnecting closely related guenon species (Kamilar et al. 2009 and references therein) . Hybridization is expected under such conditions, as it occurs when isolated lineages come into secondary contact before the development of strong, or complete, reproductive barriers (Abbott et al. 2013; Canestrelli et al. 2016; Hewitt 2011) .
There is preliminary support from guenon genome sequencing (Guschanski et al. 2013 ) and cytogenetic studies (Dutrillaux et al. 1988; Lo Bianco et al. 2017; Moulin et al. 2008 ) that interspecific hybridization occurred in the past, leaving its mark on the genomes of extant species (e.g., discordant patterns between mitochondrial and nuclear markers, and the radiation's diverse karyotypes). Furthermore, a recent study on the evolution of guenon visual signals found evidence of character displacement in facial color patterns among sympatric species, inferring that these traits evolved to prevent hybridization through the process of reinforcement (Allen et al. 2014) . However, the reports of viable and fertile hybrid monkeys from sympatric guenon populations (de Jong and Butynski 2010; Detwiler et al. 2005; Struhsaker et al. 1988) indicate that the selection pressures against hybridization have not been strong enough, or possibly long enough, to result in complete reproductive isolation between species pairs in all populations.
Despite the hypothesis that interspecific hybridization occurred multiple times during guenon evolution and likely played an active role in the diversification of the clade, we lack empirical knowledge about how hybridization may have contributed to speciation processes, such as reinforcement, adaptive introgression, and hybrid speciation. Many field studies have documented natural hybridization among sympatric Cercopithecus species, and such reports provide a general understanding of the conditions in which it occurs (Detwiler et al. 2005 ). Yet, to date, there has been no investigation of wild populations to test whether evolutionary significant gene flow is a likely outcome of occasional interspecific hybridization. Here, I address this problem by investigating the extent and pattern of genetic introgression between two hybridizing guenon species.
Hybrid monkeys resulting from matings between Cercopithecus mitis doggetti and C. ascanius schmidti occur at Gombe National Park (GNP) in Tanzania at relatively high frequency (Detwiler 2002 (Detwiler , 2010 , and have been present since primate research began in Gombe in the early 1960s (Goodall 1986 ). I recognize Gombe as a Cercopithecus hybrid zone, as it is an area where hybrid individuals occur; such a definition is independent of evolutionary processes and includes cases of natural hybridization between allopatric, parapatric, and sympatric species (Harrison 1993; Woodruff 1973) . The aim of this study is to use mitochondrial DNA from individuals with known phenotypes to test the hypothesis that genetic exchange occurs between C. mitis doggetti and C. ascanius schmidti in the Gombe hybrid zone.
Methods

Study Species
Cercopithecus mitis (common name, blue monkey; diploid chromosome number = 70; Moulin et al. 2008) belongs to the widely distributed species group of C. nictitans (Fig. 1) , which is the most complex species group within Cercopithecus. The complexity is due to the highly polytypic nature of the closely related C. mitis and C. albogularis lineages (Groves 2001) . Recent taxonomic revisions recognize one to four species within the C. mitis subgroup: C. mitis, C. doggetti, C. kandti, and C. albogularis (Butynski et al. 2013; Groves 2001; Grubb et al. 2003; Mittermeier et al. 2013) . This study focuses on blue monkey populations in southwestern Rwanda and western Tanzania that have been recognized historically as the subspecies C. mitis doggetti (Grubb et al. 2003; Kano 1971) .
Cercopithecus ascanius (common name, red-tailed monkey; diploid chromosome number = 66; Moulin et al. 2008 ) is a member of the C. cephus species group, and C. ascanius schmidti is the only taxon of the group ranging into East Africa and the Albertine Rift region (Fig. 2) . Genetic and biogeographic studies conclude that the cephus group originated in West Africa, whereas the nictitans group likely originated in the central-eastern Congo Basin region (Guschanski et al. 2013; Kingdon 1989) . Molecular date estimates from nuclear and mitochondrial DNA analyses suggest that the two sister species groups diverged well over 3 million years ago (between ca. 3.4 and 5.75 mya; Guschanski et al. 2013; Hart et al. 2012) . C. mitis and C. ascanius co-occur in low-and medium-altitude rainforests and gallery forests of Central and East Africa (Fig. 3) . However, some populations of C. mitis are well adapted to montane forests, ranging as high as 3800 m (Lawes et al. 2013) . C. ascanius has a more limited altitudinal distribution; it rarely occurs above 2500 m (Cords and Sarmiento 2013) . The two species are physically Fig. 1 Distribution map of the species group of C. nictitans across Africa, highlighting the taxa with range extensions into the Albertine Rift study region (Detwiler, unpubl. data; Kano 1971; Kingdon et al. 2008; . The photograph inset is an adult male C. mitis from Gombe National Park, Tanzania. (Photo by M. Mpongo, Gombe Hybrid Monkey Project).
Study Sites
Gombe National Park (4°40′S, 29°38′E) is a narrow, hilly strip, ca. 35 km 2 in area, that extends 16 km along the eastern shore of Lake Tanganyika in western Tanzania (Fig. 3) . A distinguishing feature of Gombe is the 13 major valleys that transect the landscape, draining the western slopes of the Albertine Rift escarpment (highest point 1571 m Fig. 3 Inset map showing the area of sympatry between C. ascanius schmidti and three forms of blue monkeys: C. mitis stuhlmanni, C. mitis doggetti, and C. mitis kandti. The enlarged map identifies the three national park study areas within the southern portion of the Albertine Rift ecoregion.
above sea level) into Lake Tanganyika. A north-south habitat gradient reflects Gombe's marginal position, between mesic, broadleaf Guineo-Congolian and Afromontane forests to the north and west, and drier, more seasonal miombo woodlands to the south and east (Clutton-Brock and Gillet 1979; Collins and McGrew 1988) . Gombe has a rainy season from November to May and a prolonged dry season from June to October. In the drier, southern valleys, the open vegetation of the intervening ridges separates forest patches, and guenon habitat is confined to narrow riparian strips (Detwiler 2002) .
In recent decades, human settlements have surrounded Gombe (Pusey et al. 2007 ), isolating its nonhuman primates. However, the internal ecology of Gombe has remained relatively intact, and there has been an increase in evergreen vegetation over the past several decades as a result of fire prevention and management, as well as enforcement to stop encroachment within the park boundary (Pintea 2007) . When Dr. Jane Goodall first arrived at Gombe in 1960, there was a continuous belt of natural vegetation, evergreen forest, and miombo woodland, connecting Gombe to forest landscapes farther north in Burundi and Rwanda, as well as east and south within western Tanzania (Goodall 1986) .
I also studied populations of Cercopithecus mitis doggetti and C. ascanius schmidti in the two protected areas nearest to Gombe, Nyungwe National Park in Rwanda and Mahale Mountains National Park in Tanzania (Fig. 3) , where there are no reports of hybrids between the two guenon species. Unlike Gombe, both sites have a significant amount of montane forest above 1500 m, including areas of bamboo forest. All three sites exist within a human-modified landscape, and there is no continuous forest corridor connecting these habitats.
Sample Collection
I collected noninvasive fecal samples from unhabituated wild guenons with field assistant James Gray at Gombe National Park (N = 167 samples), Nyungwe National Park (N = 14 samples), and Mahale Mountains National Park (N = 34 samples) from 2004 to 2005. I also included 15 additional samples from Gombe collected in 2013-2014 by field assistants of the Gombe Hybrid Monkey Project. I stored all samples in 8-mL collection tubes containing RNALater (Ambion), a preservative for nucleic acids that does not require immediate refrigeration. I then stored samples in a − 4°C freezer at 3-week intervals on site before exportation.
We controlled for sample quality and accidental resampling of individuals by focusing effort on collecting samples when we saw the subject defecating, and could identify the individual by a combination of phenotype, age, sex, and/or natural markings. We collected samples opportunistically during line-transect walks or valley sweeps along existing trails to search for groups. During a group encounter, we aimed to sample one adult male, one subadult male, three adult females, one medium or large juvenile, and one small juvenile. We also collected fecal samples deposited by additional group members that were probably, but not certainly, different from the primary seven, and labeled these tubes as potential duplicates. We recorded GPS or transect location for each sample and group. In addition, we noted any individual that was in close proximity (<5 m) to the individual sampled, and scored each sample based on our certainty that the monkey we saw defecating was indeed the one sampled. When possible, we collected digital photographs or video of each individual sampled.
Identifying Individuals of Varying Phenotypes
In the hybrid zone, we used Leica Trinovid 10 × 42 BN binoculars to observe each individual's phenotype, focusing on the expression of eight species-specific character states that we determined during pelage color studies of wild Cercopithecus mitis doggetti and C. ascanius schmidti at sites outside of the Gombe hybrid zone (Table I) . We used a simple method of conducting a quick, whole-body assessmenttaking into account the character descriptions listed in Table I -to identify an individual as a C. mitis doggetti, C. ascanius schmidti, intermediate hybrid, mitis-like hybrid, or ascanius-like hybrid. Intermediate hybrid individuals were most intermediate between the parental species in appearance, while mitis-like and ascanius-like individuals tended, respectively, toward the mitis or ascanius parental phenotypes (Fig. 4) . I do not use the term backcross when describing hybrid phenotypes at Gombe, as the direct relationship between phenotype and degree of hybridity, i.e., F1, F2, or later generation hybrid is unknown. This approach followed protocols designed for genetic and behavioral studies of hybrid baboon populations (Alberts and Altmann 2001; Bergman 2000; Nagel 1973; Phillips-Conroy and Jolly 1986; Phillips-Conroy et al. 1991) and hybrid marmosets Malukiewicz et al. 2014) .
Group Composition
We defined a group as three or more monkeys (of any phenotype) engaging in affiliative interactions, traveling along the same route, or within 50 m of one another (Glenn 1997) . We used the phenotypes of adult females to type each group encountered, as they are the philopatric sex and represented the natal members of a group (Fig. 5 ). This allowed us to estimate if hybridization had occurred within a sampled group. We identified the following groups in the population: 1) ascanius only, 2) ascanius + hybrid, 3) mitis only 4) mitis + hybrid, 5) ascanius + mitis, or 6) ascanius + mitis + hybrid. We recorded the following information for an encounter: time of sighting, location (GPS coordinate data), number of individuals, and each individual's phenotype and age-sex class. We estimated the group type if we confirmed the phenotype of at least three adult females. We returned to target areas to sample up to seven individuals per group (described earlier), and conduct repeat counts to improve group composition data. DNA Extraction, Amplification, and Sequencing I extracted DNA from fecal samples using the QIAamp DNA Stool Mini Kit (Qiagen, cat. no. 51504) following the manufacturer's protocol with modifications as outlined in Roberts et al. (2014) . To test for mitochondrial introgression, I analyzed a window of sequence that ranged from 1225 to 2864 base pairs of the mitochondrial genome that at the maximum range included the near complete COIII gene (missing the first 15 bases at the gene's 5′ end), tRNA Gly gene, ND3 gene, tRNA Arg gene, ND4L gene, and most of the ND4 gene (excluding the last 52 bases at the gene's 3′ end). This region varies considerably among the guenons, and is a useful species specific marker to distinguish cephus species group members from nictitans species group members (Disotell and Raaum 2002; Pozzi et al. 2014) .
To amplify the COIII-ND4 contiguous DNA sequence region, I used cercopithecinespecific mitochondrial primers (Electronic Supplementary Material (ESM) Table SI), and the Expand Long Template PCR protocol (Roche, cat. no. 11681834) to target one amplicon over 4000 base pairs. A concern with the amplification of mitochondrial DNA (mtDNA) sequences, especially the short fragments typically recovered from feces, is the contamination of nuclear mitochondrial pseudogenes (Numts; Hazkani-Covo et al. 2010). The long-range PCR protocol helps to avoid the amplification of Numts because the chances of amplifying large intact pieces of nuclear DNA from poor-quality fecal samples are very low (Burrell et al. 2009; Ting 2008) . To sequence the full target region of the amplicon (2864 base pairs), I used multiple internal sequencing primers (ESM Table SI ). I cleaned amplified products for cycle sequencing using exonuclease I (ThermoFisher Scientific, cat. no. 70073Z) and shrimp alkaline phosphatase (USB Corp., cat. no. 70092Y) protocols (Hanke and Wink 1994) . Cycle sequencing products were cleaned via ethanol precipitation and analyzed on an ABI 3730 DNA Analyzer (Molecular Anthropology Laboratory, New York University) using the BigDye Terminator v3.1 Cycle Sequencing Kit (ThermoFisher Scientific, cat. no. 4337456).
For a subset of the samples from the Gombe hybrid zone, I analyzed 402 base pairs of the mitochondrial cytochrome b gene. For these samples, I used the PCR primers and protocol outlined in Gaubert et al. (2014) , and sequenced PCR products at an offsite genome center that used standard Sanger sequencing protocols (Molecular Cloning Laboratories in San Francisco, CA). Gaubert et al. (2014) used the cyt b marker for DNA-based taxonomic assignment of bushmeat samples, and had a 10% occurrence of amplifying Numts in their primate DNA samples. Although it was important to control for contamination of Numts in the PCR protocol for the COIII-ND4 region to accurately document the direction and extent of organelle introgression, I used the cyt b marker to screen for additional mitochondrial variation, including the detection of a possible Numt in Gombe's populations of Cercopithecus. Recent studies have highlighted the potential use of nuclear mitochondrial pseudogenes as distinct genetic markers in evolutionary studies, including those involving hybridization events (Bensasson et al. 2001; Wang et al. 2015) .
Sequence Alignment and Data Analysis
I processed and assembled sequences (forward and reverse reads) from each amplicon into a single contig using the program Sequencher version 5.4 (Gene Codes Corporation, Ann Arbor, MI). I did not combine the COIII-ND4 and cyt b datasets, as the cyt b data were available for the Gombe site only. I added the novel sequences from study animals to datasets consisting of sequences from GenBank of other Cercopithecus mitis subgroup and C. cephus species group taxa from multiple populations throughout Central and East Africa (Guschanski et al. 2013) . However, I included GenBank sequences only if there was a country of origin listed for the study specimen, and the target sequence was complete; i.e., had no missing or ambiguous bases. I aligned both datasets using the MUSCLE alignment tool in MEGA 7.0 (Kumar et al. 2015) and checked by eye for error. I translated proteincoding sequences into amino acids to ensure no stop codons were present. For the three study populations (Gombe, Nyungwe, and Mahale Mountains National Parks), different individuals had identical sequence data, and I removed duplicates from each dataset's final alignment after identifying it as a match to a C. mitis or C. ascanius reference sequence. I used MEGA 7.0 (Kumar et al. 2015) to calculate mean nucleotide diversity.
To investigate the evolutionary positions of the populations of Cercopithecus mitis doggetti and C. ascanius schmidti sampled in this study, I conducted phylogenetic analyses for both datasets (2864 base pairs of COIII-ND4 contiguous DNA sequence, and 402 base pairs of cyt b fragment) using maximum-likelihood (Garli 2.0.1; Zwickl 2006) and Bayesian (MrBayes 3.2.6; Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) alogorithms. Chlorocebus pygerythrus was the outgroup taxon in each analysis. For both methods, I used the Bayesian Information Criterion as implemented in jModeltest-2.1.10 (Darriba et al. 2012; Guindon and Gascuel 2003) to estimate the appropriate model of nucleotide substitution: TrN + G for the COIII-ND4 region, and HKY + G for the cyt b fragment. For the maximum-likelihood (ML) analysis, I used the default parameters of 500 bootstrap replicates in four independent runs to calculate relative support of internal nodes. I used PAUP* 4.0a152 (Swofford 2003) to calculate a 50% majority-rule consensus tree to obtain bootstrap percentages. For the Bayesian analysis, I set each dataset to run twice with four chains for 10,000,000 generations and sampled every 10,000 generations. I set the sump and sumt burnins to 250 (25% of samples), and used FigTree 1.4.3 (Rambaut 2016) to view the MrBayes output phylogram with posterior probabilities.
Data Availability I deposited novel mitochondrial DNA sequences in GenBank and matched sample acccession numbers to samples in ESM Tables SII and SIII. I also provided metadata on the samples, including geographic position, phenotype, sex, and group association in ESM Tables SII and SIII.
Ethical Note
I followed all applicable institutional and/or national guidelines for the observation of wild animals and for the collection and exportation of biological samples. The author declares no conflict of interest.
Results
I successfully amplified and sequenced the COIII-ND4 locus of 120 samples from individuals with known phenotypes at Gombe, Mahale Mountains, and Nyungwe National Parks (ESM Table SII ). For these populations, I detected 9 haplotypes among the subset of sequences that comprised the full COIII-ND4 locus of 2864 base pairs (N = 49 samples). Together with 28 GenBank sequences of Cercopithecus cephus species group and C. mitis subgroup taxa, the dataset included 37 unique haplotypes (887 variable sites, 620 parsimony informative sites). In addition, I amplified and sequenced the cyt b fragment from 29 samples from the Gombe hybrid zone only, which included samples of both parental phenotypes and hybrids (ESM Table SIII ). There was no variation detected among the Gombe samples; thus all 29 cyt b sequences were of the same haplotype for the window of sequence analyzed, and there was no evidence that this sequence was a Numt. The Gombe cyt b sequence was combined with 33 GenBank sequences of C. cephus species group and C. mitis subgroup taxa, yielding 34 unique haplotypes in the cyt b dataset (121 variable sites, 88 parsimony informative sites).
For populations outside the Gombe hybrid zone, phylogenetic analyses using maximum likelihood and Bayesian methods yielded congruent trees that clearly show strict reciprocal monophyly between the two sister clades: one consisting of all Cercopithecus mitis subgroup species, and the other consisting of all C. cephus group species (Fig. 6) . The tree reconstructions from the COIII-ND4 dataset (Fig. 6) show significant genetic diversity, including paraphyly, among the populations of C. mitis doggetti and C. mitis kandti (mean nucleotide diversity, Pi = 0.016) of the Albertine Rift study region, yet very little diversity among C. ascanius schmidti populations (mean nucleotide diversity, Pi = 0.001) from some of the same sites within the East Africa biogeographic region. All of Gombe's samples of C. (Fig. S1) . Thus, the genetic results reveal asymmetric introgression of C. ascanius schmidti mitochondrial DNA into Gombe's population of C. mitis doggetti. Although separated by only 240 km to the north and 150 km to the south of GNP, the populations of C. mitis doggetti at Nyungwe and Mahale Mountains National Parks, respectively, show no evidence of introgression and have clade-specific mitochondrial haplotypes of C. mitis (Fig. 6) .
Based on the populations surveyed and the window of sequence analyzed, the two COIII-ND4 haplotypes of Cercopithecus ascanius schmidti (GNPa1 and GNPa2) found among the 46 groups sampled throughout the park are unique to Gombe, having one inferred synapomorphy (site 2426). There are only two sequence differences between the two Gombe haplotypes (sites 471 and 748), and this is expected based on the very low number of variable sites found among the East African sequences of C. ascanius schmidti in the present dataset. GNPa1 has two substitutions that are inferred autopomorphies, suggesting that GNPa1 is the derived haplotype. The substitution found in GNPa1 at site 471 is at the third codon position and is a silent substitution, while the substitution found 40 K.M. Detwiler   Fig. 6 Bayesian phylogram of the species subgroup of C. mitis and species group of C. cephus with posterior probabilities and ML bootstrap support values based on the mitochondrial DNA COIII-ND4 marker (2864 base pairs). Posterior probabilities of 1.00 and bootstrap support values of 100% are presented as asterisks (*/*); values below are given at respective nodes. The novel haplotypes generated in this study from Gombe, Nyungwe, and Mahale Mountains National Parks are in color (blue for C. mitis doggetti, red for C. ascanius schmidti; country code and sample number in parentheses). All other haplotypes were acquired from GenBank (county code and last three digits of accession number in parentheses; Guschanski et al. 2013) . The scale at the bottom is in units of nucleotide substitutions per site.
at site 748 is at the first codon position, resulting in an amino acid change; however, no change is predicted in the function of the protein.
The 100 individuals sequenced and represented in the COIII-ND4 dataset included 34 Cercopithecus mitis doggetti, 41 C. ascanius schmidti, and 25 hybrids. The spatial distributions of the two haplotypes by phenotype and group type reveal an interesting pattern of population substructuring (Fig. 7) . All but one of the adult female and juvenile samples of C. mitis doggetti from the three main northern valleys-Mitumba, Rutanga and Linda (valleys north of the BHaplotype Line^in Fig. 7 )-had GNPa2, whereas all adult female and juvenile C. ascanius schmidti and hybrid individuals from the same valleys had the other haplotype, GNPa1. Furthermore, all C. mitis doggetti individuals with GNPa2 from the northern valleys lived in blue-only groups, with one possible exception in which the group type could not be confirmed for two adult female C. mitis doggetti. Although the GNPa2 haplotype was absent in all groups sampled in Gombe's central valleys (Kasakela, Kakombe, Mkenke, and Kahama), it did appear in two groups in the Nyasanga Valley at the southern edge of Gombe's distribution of Cercopithecus (Fig. 7) .
There was no relationship between the spatial distribution of adult male and subadult male phenotypes and the two mitochondrial haplotypes (N = 25 adult and subadult males). Male Cercopithecus mitis doggetti with both GNPa1 and GNPa2 occurred throughout the distribution, including in the most southern valleys, where no blue-only group was a permanent resident. We also sampled a male C. ascanius schmidti with a GNPa2 haplotype in the northern valleys at the opposite end of the distribution from his alleged natal group of female C. ascanius schmidti with GNPa2 in Nyasanga Valley. These data suggest that males dispersed over 5 km from their natal group. Six out of the nine hybrid males in the COIII-ND4 dataset were adults or subadults and all have the GNPa1 haplotype. Although the sample size is small for sexually mature hybrid males, this result is expected based on the detection of all ascanius + hybrid groups and all but one of the ascanius + mitis + hybrid groups having the GNPa1 haplotype. It is most likely that the natal group type for hybrid males is ascanius + mitis + hybrid, or ascanius + hybrid.
Discussion
This study discovered that mitochondrial haplotypes of Cercopithecus ascanius schmidti existed in all groups surveyed, including monospecific groups of individuals with phenotypes of C. mitis doggetti. This pattern of asymmetric mitochondrial introgression suggests that Gombe's extant population of C. mitis doggetti occurred as a result of hybridization between male C. mitis doggetti and female C. ascanius schmidti followed by subsequent backcrossing events between male C. mitis doggetti and F1 hybrid females, and then again with F2, F3, and later generation hybrid females, until offspring were indistinguishable from the phenotype of C. mitis doggetti.
The occurrence of asymmetric mitochondrial introgression is well recognized as a significant evolutionary consequence of species range expansion across diverse groups of both plant and animal systems (Abbott et al. 2013; Barton and Hewitt 1985; Harrison and Larson 2014; Mallet 2005; Marques et al. 2017; Mastrantonio et al. 2016) , including several cases among nonhuman primates (Burrell et al. 2009; Cortés-Oritz et al. 2007; Malukiewicz et al. 2014; Zinner et al. 2009 ). The results from this study provide robust evidence of such introgressive hybridization in guenons, and are best understood within a discussion of the phylogeography and adapative niches of the 42 K.M. Detwiler   Fig. 7 Map showing the distribution of guenon group types and mitochondrial haplotypes in Gombe National Park, Tanzania. Open circles are groups with GNPa1 haplotype, and solid circles are groups with GNPa2 haplotype. Red circles are groups of C. ascanius schmidti, blue circles are groups of C. mitis doggetti, purple circles are hybrid groups with parental and hybrid phenotypes, and light orange circles are hybrid groups with C. ascanius schmidti and hybrid phenotypes. Dotted line represents a transition between groups of C. mitis doggetti in the north with GNPa2 hapotype and groups of C. mitis doggetti in the south with GNPa1 haplotype. L. Pintea from the Jane Goodall Institute provided ArcGIS shapefiles of vegetation base map and Gombe National Park boundary.
parental species, the ecological and historical context of Gombe's forest habitat, and the role of mate choice behaviors in the occurrence and maintenance of hybridization between sympatric guenons. This study highlights Gombe as a site of both historic and contemporary hybridization, and offers a unique opportunity to investigate the factors that led to introgressive hybridization, as well as those that maintain the mosaic structure (patchy distribution of hybrids amidst parental populations) of the extant hybrid zone. The latter raises the scientific value of Gombe, as ongoing hybridization generates natural experiments to test hypotheses about speciation mechanisms in guenon evolution.
The Parental Species and Hybrid Origin of C. mitis in Gombe
Despite Gombe's small size, it has successfully protected the hybrid zone of Cercopithecus and a natural swath of the region's transitional habitat-an ecotone between the expansive wet evergreen forests of the Albertine Rift and lowland Congo Basin, and the dry miombo woodlands and grassland habitats of eastern and southern Africa. Gombe falls within the southern portion of the Albertine Rift and differs from its neighboring regions in the absence of high-elevation montane forest and bamboo habitat (1500-3500 m). The steeply sloping valleys across Gombe likely lost evergreen forest during extended intervals of aridification throughout the past, whereas higher montane areas, such as the Rugege Highlands to the north (including Nyungwe), and Mahale Mountains to the south, have likely functioned as isolated refugia maintaining suitable habitat for endemic fauna (Huhndorf et al. 2007; Jolly et al. 1997; Kahindo et al. 2017) . The mitochondrial phylogenetic analyses presented here of populations of Cercopithecus in the Albertine Rift show long branch lengths and significant genetic diversity for C. mitis doggetti and C. mitis kandti, yet short branch lengths and low genetic diversity for C. ascanius schmidti. These results match the findings from an earlier study that discovered deep within species splits of populations of C. mitis from the Albertine Rift region and a lack of divergence among eastern populations of C. ascanius schmidti (Guschanski et al. 2013) . A possible explanation for this phylogenetic pattern is that C. mitis sensu lato dispersed into the Albertine Rift before C. ascanius schmidti, adapted to the region's montane forests, and accumulated mitochondrial substitutions when populations experienced restricted gene flow due to forest fragmentation during climactic fluctuations (e.g., Huhndorf et al. 2007 ).
The present-day geographic ranges of the parental species reflect local differences in habitat use. Cercopithecus mitis taxa (C. mitis doggetti, C. mitis kandti, and C. mitis stuhlmanni) occur throughout the remaining protected montane forest islands of the Albertine Rift region (Plumptre et al. 2007 and references therein). C. mitis doggetti thrives in the closed montane forest of Nyungwe National Park, where it is the most common diurnal monkey encountered (Detwiler unpubl. data; Plumptre et al. 2002 ). An ecological study of C. mitis doggetti at Nyungwe found the habituated group used mature montane forest significantly more than all other forest types (never used revegetating landslides, only 2% of time in secondary forest and 2% of time in openings; Kaplin 2001 ). Although C. mitis sensu lato occurs throughout Africa in diverse habitats (Lawes et al. 2013) , C. mitis doggetti in the southern Albertine Rift may prefer closed canopy montane rainforest and experience increased fitness in this habitat type.
By contrast, Cercopithecus ascanius schmidti apparently lacks adaptations to survive in high elevation forests above 2500 m (Cords and Sarmiento 2013) . It persists in secondary vegetation and forest edge habitat, including narrow riverine forest and lake edges (Cords and Sarmiento 2013) . For example, in western Tanzania C. ascanius schmidti occurs in low density at the Issa Valley primate study site within the Ugalla region, where there is a narrow strip of riverine forest and C. mitis doggetti is absent (McLester et al. 2016) . Similar to those from the Issa site, survey results from this study detected only one resident group of C. ascanius schmidti and no group of C. mitis doggetti in Gombe's Kalande Valley, the dry, southernmost valley of the guenon distribution. The highest density of C. mitis doggetti at Gombe occurs in the northernmost valleys, where in the recent past evergreen forest was connected through a natural corridor to lowland and montane forest, as well as bamboo habitat. However, this northern population of C. mitis doggetti, along with all other C. mitis doggetti individuals sampled in Gombe, is distinct from others in the region; they are the outcome of introgressive hybridization with C. ascanius schmidti. The finding of two mitochondrial haplotypes of C. ascanius schmidti among Gombe's population of C. mitis doggetti indicates that a minimum of two interspecific hybridization events occurred in the past, involving different females, presumably from different groups.
A likely scenario explaining introgressive hybridization at Gombe assumes that Cercopithecus ascanius schmidti was the first species to successfully colonize Gombe's lower elevation, fragmented riverine forest habitat. The distributional limit of female groups of C. mitis doggetti with conspecific mitochondrial DNA must have been close to the Gombe region, as higher elevation, closed canopy montane forest likely occurred just east and northeast of the current borders of Gombe. Thus, there were likely repeat events of dispersing male C. mitis doggetti into Gombe's valleys, where they would have encountered only female groups of C. ascanius schmidti. Such conditions of restricted mate choice are associated with rare occurrences of hybridization among sympatric guenons (Detwiler et al. 2005) , and meet predictions of Hubb's principle, or Bdesperation hypothesis^ (Dowling and Secor 1997; Hubbs 1955; Hubbs and Laritz 1961; Wirtz 1999) . Although these conditions help explain why male C. mitis doggetti selected heterospecific mates, the factors contributing to mate choice decisions for female C. ascanius schmidti are less understood (Detwiler 2002; Struhsaker et al. 1988) . The acceptance of heterospecific mates by female guenons raises important questions about the traits and preferences involved in mate recognition, and the fitness consequences of hybridization to the parental individuals (Willis 2013) . Although the conditions may not be the same as in the past, the contemporary hybrid zone provides an opportunity for future research to investigate these questions and better understand the influence of mate choice behaviors in the occurrence and maintenance of hybridization between sympatric guenons (Mendelson and Shaw 2012; Verzijden et al. 2012; Willis 2013) .
The timing of the initial hybridization events is unknown; however, the spatial distribution patterns of the two mitochondrial haplotypes provide insight into the temporal scale of hybridization in Gombe (Fig. 7) . The GNPa2 haplotype has a clustered distribution, occurring only in groups of Cercopithecus mitis doggetti living in the northern valleys and two groups (ascanius and ascanius + mitis + hybrid groups) in Nyasanga Valley-one of the southernmost valleys in the distribution. This concentration of groups of C. mitis doggetti with the same haplotype suggests that hybridization and subsequent backcrossing events with immigrant male C. mitis doggetti occurred in these northern valleys, closer to the higher elevation regions and presumed edge of the local population. If the generation time is ca. 7 years for female C. mitis doggetti at Gombe (Bronikowski et al. 2016; Detwiler unpubl. data) , these events must have occurred long enough in the past (estimated at least several hundreds of years) to generate the current population size in the north (ca. 12 groups with ca. 30 individuals per group), and allow for C. ascanius schmidti with a different haplotype to become the resident population in the same valleys. By contrast, the GNPa1 haplotype is more common, has a widespread distribution throughout the hybrid zone, and appears to be the derived haplotype based on the sampling and window of sequence analyzed. This population structure suggests a scenario of two different waves of hybridization-one originating in the distant past, and possibly one more recently that is ongoing and creates the mosaic structure of the contemporary hybrid zone.
It is reasonable to infer that both waves of hybridization predated the most recent spike in the mid-twentieth century of deforestation in the northern Tanzanian and Burundian watersheds feeding Lake Tanganyika, which has turned Gombe into a forest island (Cohen et al. 2005; Goodall 1986 ). However, understanding the cause-and-effect relations between anthropogenic factors and the initial hybridization events is difficult without an estimate of when hybridization in Gombe began. The catchment area of northern Lake Tanganyika has a historical record of human land use and fluctuations in population density since the eighteenth century (Cohen et al. 2005) ; however, humaninduced deforestation and its ecological consequences potentially reach back to the beginning of the Iron Age (ca. 2500 years ago) in the greater East Africa region (Schmidt 1997) . Recent research using paleoecological records of core sites from Lake Tanganyika, including sites offshore from Gombe's protected watersheds and the deforested watershed of Mwongongo Village, the densely populated village along the park's northern boundary, suggest that Gombe was sparsely populated with minimal watershed disturbance over the past 300 years (Alin et al. 2002; Cohen et al. 2005) . By contrast, the Burundian and Tanzanian watersheds north of Gombe, including Mwongongo, experienced significant deforestation as early as the late 18th to the early 19th centuries (Cohen et al. 2005) . It is not clear if the onset of deforestation created the environmental conditions that predisposed male C. mitis doggetti and female C. ascanius schmidti to hybridize, initiating the second or possibly both waves of hybridization. Significant climatic changes (wet and dry cycles) occurred earlier and throughout the period of human alterations, which also affected vegetation cover and animal populations in the greater Gombe and southern Albertine Rift region (Alin et al. 2002; Cohen et al. 2005; Jolly et al. 1997) . Future research will benefit from new advances in population genomic analyses (Perry 2014 , and references therein) to conduct a full assessment of the demographic history and estimated date of the origin of the hybrid population and address hypotheses about the environmental processes associated with the initial hybridization events.
Ruling Out Alternative Explanations
In addition to the hybridization scenario described earlier, there are alternative explanations for why no mitochondrial haplotypes of Cercopithecus mitis doggetti occur at Gombe today. First, there is the potential error due to sampling bias in the field or contamination in the lab because of the poor quality of DNA from fecal samples. However, the extensive fecal sampling conducted in 2004-2005 and smaller repeat sampling in 2014-2015, plus the completion of the molecular work in separate laboratories, makes this explanation extremely unlikely. I assumed that individuals alive in the park today were born in the hybrid population, as migration into the park likely stopped by the late 1970s; therefore, Gombe is a closed population and by sampling groups throughout the entire distribution, I reduced the chance of missing a haplotype. Furthermore, I replicated the molecular work of samples of C. mitis doggetti from both sampling periods in a new laboratory before the extraction and molecular work of any sample of C. ascanius schmidti.
Second, incomplete lineage sorting may exist for mitochondrial lineages of populations of Cercopithecus mitis doggetti and C. ascanius schmidti within Gombe (Avise 2004) . However, there is no evidence supporting a hypothesis of incomplete lineage sorting to explain the cytonuclear discordance occurring at Gombe. The results that C. mitis doggetti at Gombe have the same two mitochondrial haplotypes as C. ascanius schmidti from Gombe, and ca. 15% of the population exhibits evidence of phenotypic hybridity are more than robust indications that genetic exchange between two species has occurred (Funk and Omland 2003) .
A third possible explanation is that female Cercopithecus mitis doggetti with conspecific mitochondrial haplotypes were present in the past and participated in heterospecific matings, but their offspring were not viable, or if they were viable, they were not fertile. However, there is some evidence available that F1 hybrids from reciprocal crosses of male C. ascanius × female C. mitis are viable and fertile. Aldrich-Blake (1968) reported a hybrid female and her infant from Budongo Forest Reserve, Uganda living in a group of C. mitis stuhlmanni (closely related to C. mitis doggetti). He assumed that the female was the result of a male C. ascanius schmidti mating with a female C. mitis stuhlmanni. Although this report is from a different population and there are no genetic data available, it does suggest a lack of postzygotic genetic incompatibilities between male C. ascanius schmidti × female C. mitis stuhlmanni matings. Furthermore, at Gombe in the Mkenke hybrid study group C. mitis doggetti-like females mate with C. ascanius schmidti males, and I have confirmed at least one C. mitis doggetti-like female with a surviving hybrid offspring (Detwiler unpubl. data) . Heterospecific matings appear to be rare in monospecific groups of C. mitis doggetti; however, I have documented a few juvenile hybrids in this group type (Detwiler 2002 (Detwiler , 2010 , suggesting C. mitis doggetti was the mother species. Although limited, these cases suggest that male C. ascanius schmidti × female C. mitis doggetti crosses produce viable and fertile offspring, and genetic incompatibility is not a likely explanation for the lack of mitochondrial haplotypes of C. mitis doggetti at Gombe.
Fourth, it is possible that female Cercopithecus mitis doggetti with conspecific mitochondrial haplotypes were present in the population in the past but simply did not mate with male C. ascanius schmidti. If such a population used to be in the Gombe valleys, it is difficult to explain why their mitochondrial lineages did not persist and were replaced by a population of C. mitis doggetti with mitochondrial genomes of C. ascanius schmidti. A possible explanation is that there might have been some selective advantage to phenotypic C. mitis doggetti individuals with mitochondrial DNA of C. ascanius schmidti. However, what that selective advantage would have been is currently unknown (cf. Arnqvist et al. 2014; Šíchová et al. 2014 , and references therein for discussion of the potential influences of mitonuclear genetic variation arising from introgression). From the limited data available from additional sites in Central and East Africa, there is no evidence of mitochondrial genomes of C. ascanius experiencing a selective sweep into sympatric C. mitis sensu lato (Detwiler 2010; Guschanski et al. 2013 ) despite low-level reports of hybridization occurring between these two species (Detwiler et al. 2005) . More extensive research will be required to better understand the potential adaptive or disruptive effects of mitochondrial introgression in the Gombe hybrid zone.
Conclusions
The results from this study provide genetic evidence of interspecific gene flow between two ecologically distinct guenon species. Sympatric guenons, such as Cercopithecus mitis and C. ascanius, have striking differences in their face and body pelage color and patterns. It has long been hypothesized and recently tested that these visual signals, specifically the colorful face patterns, evolved as species recognition systems to prevent hybridization (Allen et al. 2014; Kingdon 1980) . Behavioral premating isolating barriers are thus considered an important mechanism driving speciation and diversity in the guenon radiation (Allen et al. 2014) . However, the evolution of this mechanism relies on strong postzygotic isolation (reduced hybrid fitness) and subsequent positive selection (reinforcement) on premating processes that maintain reproductive isolation (e.g., Cramer et al. 2016 , and references therein), such as the guenon face pattern signals that cause individuals to preferentially copulate with conspecifics.
This study documents the evolutionary consequences of an exceptional case of the breakdown of premating barriers in a hybrid zone between two sympatric guenons. Conditions at Gombe, hypothesized to be influenced by the region's environmental processes and the colonization patterns of the parental species during range extensions, altered mate choice decisions and produced fertile or partially fertile hybrid offspring. These hybrids were then the catalysts to evolutionarily significant outcomes: a novel lineage of Cercopithecus mitis doggetti, and an extant hybrid zone with an unusually high number of phenotypic hybrids. Although the fitness costs have yet to be carefully measured, it can be argued at a gross level that interspecific hybridization at Gombe is not maladaptive, which may help explain the apparent failure of species specific face patterns in restricting gene flow in the hybrid zone. Additional isolating mechanisms, such as postcopulatory prezygotic barriers (Cramer et al. 2016; Peterson et al. 2011; Shaw and Lambert 2014) and the importance of learned mate preferences Svensson 2013; Verzijden et al. 2012) , will need to be investigated to better understand the evolutionary forces that act to maintain the mosaic structure of the contemporary hybrid zone.
